SUMMARY
The haemodynamic effects of diltiazem were studied in six dogs during fentanyl-nitrous oxide ( nium was given to ensure muscle paralysis. Oesophageal temperature was maintained between 37 and 39 °C with a warming mattress placed under the dog. Normovolaemia was maintained with a continuous infusion of lactated Ringer's solution 5-10 ml kg" 1 h" 1 via a femoral vein. Electrocardiographic needle electrodes were placed on the limbs for continuous recording of heart rate and rhythm. Intermittent recording of the ECG at 50 mm s" 1 enabled determination of the PR interval. A 14-gauge polyethylene cannula (Intramedic) was threaded into a femoral artery to measure aortic pressure, and to permit intermittent blood sampling for blood-gas analysis (Corning Blood-Gas Analyser Model 165). A 7-French gauge thermodilution catheter was placed, via a femoral vein, in the pulmonary artery.
Pulmonary artery pressure was monitored continuously and wedge pressure (PCWP) measured intermittently. Cardiac output was measured in triplicate (thermodilution) using an American Edwards Laboratories cardiac output computer (model 9520A). The heart was exposed through a median sternotomy and a catheter with a microtip pressure sensor (Millar Instruments, Inc., Model PC471), inserted into the left ventricle. Limb lead II of the electrocardiogram (ECG), heart rate (HR), mean arterial pressure (MAP), left ventricular pressure and electrically derived left ventricular contractile force (LV dP/dt) were displayed continuously on a Hewlett-Packard (model 7754B) four-channel oscillograph and recorded on a Hewlett-Packard (model 7755A) polygraph. Cardiac index (CI), stroke volume index (SVI), systemic and pulmonary vascular resistance indices (SVRI, PVRI) and left and right ventricular stroke work indices (LVSWI, RVSWI) were calculated using standard formulae.
Control measurements were taken 30 min after all instrumentation had been completed and repeated every 10 min until stable. An i.v. bolus of diltiazem 300 ug kg" 1 was given over 2 min and the infusion of the lowest dose of diltiazem started. Diltiazem was administered at three infusion rates: 30 ug kg" 1 Repeated-measures analysis of variance with Bonferroni's correction was used to search for significant changes for each haemodynamic variable. Variables for which significance was found had subsequent measurements for each time point compared with control values using Fisher's least significant difference procedure. P < 0.05 was regarded as statistically significant.
RESULTS
The haemodynamic results and plasma concentrations of diltiazem are summarized in table I. MAP and SVRI were significantly reduced 2 min following the bolus injection of diltiazem ( fig. 1) . With increasing doses of diltiazem, SVRI was progressively reduced, reaching 35 % of the control value at the end of D 3 . CI showed a progressive increase with the infusion of diltiazem, which became significant at the end of D,. Minimal depression of myocardial contractility (LV dP/dt) was observed. PCWP and LVSWI showed moderate increases with each infusion of diltiazem. HR increased following the bolus of diltiazem, but then decreased gradually to be significantly less than the control value during D 3 ( fig. 2) . PR was significantly prolonged 5 min after the administration of diltiazem ( fig. 2 ). Five dogs developed first degree atrioventricular (AV) block, three of these during D,. All five dogs subsequently became established in second degree AV block, one during D 15 two during D 2 and two during D 3 . In addition, two dogs had episodes of slow junctional rhythm. Figure 3 shows the development of all these arrhythmias in one dog, in association with the increasing plasma concentrations of diltiazem.
Calcium chloride significantly increased SVI, but had no effect on the other measured or derived haemodynamic variables (figs 1, 2). Calcium chloride had no effect on the conduction block produced by diltiazem. However, the infusion of isoprenaline increased HR significantly and restored sinus rhythm in four out of the five dogs with AV block.
DISCUSSION
The net haemodynamic effects of calcium channel blockade in the intact animal are determined by the balance between the direct pharmacodynamic actions on the heart and peripheral circulation, their interaction and the degree of reflex sympathetic response which these elicit [6] . In the present study, the predominant haemodynamic effect of diltiazem during fentanyl-nitrous oxide (in oxygen) anaesthesia was a profound reduction in peripheral vascular resistance. The increase in cardiac output and the systemic hypotension were related to the decrease in afterload rather than any direct myocardial depression, since LV dP/dt was unaffected. The increase in heart rate seen after the bolus of diltiazem was indicative of an initial reflex sympathetic response to the acute reduction in peripheral resistance. However, as the dose increased, the direct negative chronotropic effect of diltiazem overcame this and produced a progressive decrease in heart rate.
Previous animal studies have found that the relative preponderance of haemodynamic and electrophysiological effects of diltiazem are dependent upon the plasma concentration. In dogs under barbiturate anaesthesia, solely electrophysiological effects were produced at (low) serum concentrations of 100-300 ng ml" 1 , whereas much higher values (800-1800 ng ml" 1 ) were required to produce haemodynamic effects [7] . In a comparative study of calcium channel blockers in pigs anaesthetized with 1 MAC halothane [4] , diltiazem was given until the mean arterial pressure had decreased 25-30% from control values. The mean diltiazem plasma concentration measured at this point was 1650 ng ml" 1 . Hypotension was secondary to a reduction in myocardial contractility, since systemic vascular resistance was unaffected, although LV dP/dt and cardiac index were reduced by 50% and 42%, respectively. In dogs anaesthetized with 1.5% end-tidal isoflurane and given diltiazem [5] , the only significant haemodynamic changes observed were depression of LV dP/dt and increases in left and right filling pressures. The lower plasma diltiazem concentrations (50-400 ng ml" 1 ) were insufficient to produce any changes in MAP. In accordance with the study of Kates and colleagues [4] , there was no decrease in SVR with diltiazem. The use of a vasodilating anaesthetic may explain the lack of further vasodilatation produced by diltiazem, in comparison with the greater effect of diltiazem on SVRI and MAP during fentanyl-nitrous oxide anaesthesia. In the present study, plasma diltiazem concentrations of 300-400 ng ml" 1 produced significant hypotension without any evidence of myocardial depression. In contrast, significant myocardial depression has been observed when diltiazem was administered during inhalation anaesthesia in animals. Therefore, in dogs, the mechanism of diltiazem-induced hypotension during fentanyl-nitrous oxide anaes-thesia appears to be different from that produced in combination with volatile agents. To the extent that animal studies can be extrapolated to humans, the use of low-dose diltiazem by infusion in the absence of volatile agents may usefully produce a combination of a decrease in afterload, and an increase in cardiac index, with little change in heart rate.
The potential use of diltiazem in clinical anaesthesia may be limited by adverse electrophysiological effects, which occur at plasma concentrations necessary to achieve haemodynamic changes. Second degree AV block and junctional escape rhythm at plasma concentrations of less than 300 ng ml" 1 have been reported during enflurane [8] and isoflurane [5] anaesthesia in dogs. In the present study, during fentanyl-nitrous oxide anaesthesia, second degree AV block was not observed consistently until relatively high plasma diltiazem concentrations were achieved (greater than 400 ng ml" 1 ). By this time, there were significant effects on SVRI and, consequently, MAP. Further investigation of lower plasma diltiazem concentrations in combination with fentanyl-based anaesthesia may be warranted to determine the optimum plasma concentration with which to achieve the desired haemodynamic effect, with minimal changes in intracardiac conduction time.
In animals, calcium chloride has been shown to counteract the haemodynamic, but not the electrophysiological, effects of calcium channel blockade with verapamil [9] . Calcium chloride was given to reverse the haemodynamic changes produced by diltiazem. Although myocardial contractility was increased, the systemic arterial vasodilatation and hypotension induced by diltiazem were not antagonized by calcium chloride. This is in agreement with the findings of Kates and colleagues [4] who observed a slight decrease in SVR after the administration of calcium chloride to pigs given diltiazem during halothane anaesthesia. An alpha-adrenergic agonist drug such as phenylephrine may be more effective for correction of the peripheral vasodilator effects of prolonged administration of calcium channel blockers.
No effect of calcium chloride was observed on the prolonged AV conduction produced by diltiazem, confirming the results of previous studies [4, 9] . Reves [10] has proposed the use of AV sequential pacing for severe impairment of AV conduction, secondary to calcium channel blockade. However, a pharmacological approach for the correction of conduction block may be simpler and equally effective. Isoprenaline, a beta-agonist, was successful in re-establishing normal conduction in the majority of these dogs. To the extent that this animal study is relevant to clinical anaesthetic practice, isoprenaline should be considered as the drug of choice for the treatment of severe conduction defects produced by diltiazem during fentanyl-nitrous oxide anaesthesia.
